In this paper, an open-loop control strategy to improve the stability of highly diluted Diesel combustion during sharp transients is proposed. The main advantage of this open-loop method is that no additional in-cylinder sensor is required. The approach coordinates existing airpath and fuelpath controllers, and aims at accurately controlling the end of the cool-flame phenomenon. For this purpose, the injection time is adjusted based on an auto-ignition model and a cool-flame model. Both models are expressed under integral forms, named knock integral models. Experimental results obtained on a test bench and on-board a vehicle are presented. The results highlight the relevance of the approach in terms of combustion stability improvement, pollutant emissions and noise.
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Introduction
The control technology found on most Diesel automotive engines with Exhaust Gas Recirculation consists of two different loops: an airpath controller and a fuelpath controller. These subsystems aim at satisfying high-level orders from the driver (e.g. torque requests through the accelerator pedal). While the fuelpath controller handles the fuel injection system, the airpath controller primary task is to control the thermodynamic conditions in the intake manifold (pressure, temperature, and composition) . Yet, convergence can take time, because the airpath subsystem is relatively slow (due to turbocharger inertia, actuator dynamics, pipe filling, y).
During the frequent transients observed on-board vehicles, the temperature, the pressure, and the composition found in the cylinder are thus slightly different from optimally designed steady-state values. These offsets represent errors in initial conditions for the Diesel combustion process which, in this case of highly diluted combustion, is very sensitive. As a result, the combustion can produce high levels of noise and strong pollutant emissions, and possibly result in engine stall. Fortunately, this mismatch of initial conditions can be evaluated using commonly available sensors (located in the intake manifold) and dedicated observers. In this paper, a method to compensate initial in-cylinder conditions mismatch is proposed. It is now briefly sketched.
Usually, the fuelpath controller manages the injection time so that the combustion starts at an optimal instant. Assuming the engine operates about steady-state, this guarantees an optimal combustion efficiency. In details, fuelpath controllers compute the injection time based on static look-up tables accounting for the current operating point. This approach assumes that the incylinder conditions match the setpoints of the current operating point. Unfortunately, this is obviously wrong during transients. The injection time has a major effect on the whole combustion timeline. Therefore, it is possible to use it to control the combustion process despite the mismatch in initial conditions. The remaining question is what is the right value for the injection time?
The contribution of this paper is as follows. To answer the previously formulated question, an auto-ignition model and a cool flame model are used. Both models take integral forms, referred to as ''knock integral models''. At first order, a sensitivity analysis provides a formula (controller) explicitly accounting for the discussed in-cylinder variables mismatch. An interesting feature of this formula is that it does not require any additional in-cylinder sensors, but solely uses data from commercial-line sensors. This methodology is applied both on a test bench engine and on-board a vehicle. Extensive tests are performed and stress the relevance of the approach in terms of pollutant emissions and noise production.
The paper is organized as follows. Section 1 presents the motivations for the considered problem and explains the combustion process. The combustion sensitivity to in-cylinder variables errors is detailed. In Section 2, models for the auto-ignition and the cool-flame phenomenon are presented. In Section 3, the combustion control problem is formulated using the previously introduced knock integral models. A solution at first order is derived. Its practical implementation is discussed in Section 4. In Section 5, test bench results are presented. Being representative of test driving cycles, they prove the validity of the concept of combustion control by means of coordination of the airpath controller and the fuelpath controller under both steady and transient conditions. In Section 6, actual vehicle implementation is presented. Pollutant and noise production results are discussed.
Motivation

Highly diluted combustion in Diesel engines
Pollution standards for automotive engines have steadily increased over the last decade and are now very stringent. Thus, reducing pollutant emissions from engines has become a topic of major interest in engine development and the car industry in general. Besides after-treatment technologies for exhaust gases (which are particularly expensive for Diesel engines), there has been a strong focus on developing cleaner combustion modes such as highly diluted combustion (Kahrstedt, Behnk, Sommer, & Wormbs, 2003) . In these modes, dilution is obtained by recirculating exhaust gases into the combustion chamber. A prime example is homogeneous combustion compression ignition (HCCI) which has attracted much attention (Milovanovic & Chen, 2001 ). However, such combustion modes are relatively unstable and require efficient control strategies that incorporate both closed-and openloop laws (Walter & Gatellier, 2003) .
Consider a Diesel engine with Exhaust Gas Recirculation (EGR
). This set-up allows dilution of the air charge admitted into the cylinder with exhaust gases from previous combustion. This drastically reduces nitrogen oxide ðNO x Þ emissions by lowering the temperature peak during combustion. This EGR can be achieved using two different technologies. The first solution is external EGR . A pipe extracts exhaust gases from the exhaust line and introduces them into the intake line. The second approach is internal EGR (Chiang, Stefanopoulou, & Jankovic, 2007) . In this set-up, variable valve actuation (VVA) is used to allow exhaust gases to flow back into the cylinder during the intake phase or to be trapped in the cylinder after the exhaust phase. Although totally different in implementation, the two approaches yield similar beneficial effects on pollutant emissions. However, both can negatively affect the combustion stability.
Combustion occurs according to the timeline detailed in Fig. 1 . There are two main phases corresponding to the airpath subsystem (which involves the intake and exhaust pipes, the intake and exhaust manifolds, the turbocharger(s), and the valve train) and the fuelpath subsystem (which consists of the injectors), as shown in Fig. 6 .
To overcome the natural instability of the highly diluted combustion mode, accurate airpath and fuelpath controllers are required. These classic control systems are outlined in the following.
Typical control system
A complete nomenclature is given in Appendix A. In general engine set-ups, airpath and fuelpath controllers are used to guarantee that engine variables (pressure, composition, and injected fuel mass among others) track reference values.
Airpath controllers have long been used (Alfieri, Amstutz, & Guzzella, 2008; Chauvin, Corde, & Petit, 2007; Wang, 2008 and references therein) . They result in efficient tracking of the intake manifold variables (reference pressure, reference air mass flow, burned gas rate (BGR), and temperature of the intake charge) even during transients. The main actuators used are EGR valves, intake and exhaust throttles, turbocharger(s) and valve trains.
Typical fuelpath controllers can be described as follows. During the cylinder compression phase, fuel is injected and mixed with the compressed air and burned gas mixture. The fuel vaporizes and eventually auto-ignites after the so-called autoignition delay. Due to the high dilution, a cool flame is first present (Barba, Burkhardt, Boulouchos, & Bargende, 2000; Chmela & Orthaber, 1999; Reveille, Miche, Jay, & Henriot, 2004) and then standard combustion occurs (Fig. 1) . A classic fuelpath controller has the advantage of the fastness of a direct injection system, for which the parameters can be changed from one cycle to the next. Thus, it can be assumed that the injection parameters almost exactly track their setpoints.
This global control system, in which the airpath and fuelpath controllers operate without any particular coordination, is usually sufficient to provide stable combustion in the steady state and during quasi-static (i.e. slow) transients. However, the lack of coordination is problematic in actual vehicle implementation because of frequent sharp transients due to variations in driver torque demands ðT q Þ and engine speed ðN e Þ. Problems occur because these demands result in frequent transients for the reference airpath and fuelpath variables. Although both controllers work simultaneously, combustion stability is affected by performance differences between the airpath and fuelpath closed-loops.
Sensitivity of combustion to thermodynamic conditions
In contrast to conventional Diesel combustion, highly diluted combustion is very sensitive to slight offsets of the initial cylinder conditions (e.g. pressure, temperature, and composition).
Figs. 2 and 3 show the impact of variations in the intake manifold conditions (pressure and composition) on combustion phasings (where y soc is the start of combustion 2 and CA X is the crankshaft angle at which X percent of the fuel has been burnt). In these experiments, the airpath parameters were changed one at a time (either the intake manifold pressure or the BGR). In practice, such airpath offsets occur during transients owing to the natural slowness of the airpath dynamics or to malfunctions such as valve clogging or aging.
Impact on pollutant emissions
Combustion phasing time-lags have detrimental effects on torque production and pollutant emissions. Fig. 4 presents results of start of injection variations on a fixed operating point on a fourcylinder HCCI Diesel engine. The only parameter that varied in this experiment was the combustion phasing; the BGR, intake manifold pressure and temperature, and injected fuel mass were kept constant at reference values obtained from look-up tables. Fig. 4 shows the obtained variations in combustion phasing and the effects on pollutants, noise and torque production. The plots clearly show that the combustion phasing has a major impact on pollutant, noise, and torque production.
Proposed control design
Controlling combustion has been identified as the key to control highly diluted combustion in a Diesel engine (Agrell, Angström, Eriksson, Wikander, & Linderyd, 2003; Chang, Lavoie, 1 Note that in this study, Exhaust Gas Recirculation (EGR) refers to the physical system (valve train or pipes) that permits to recirculate the exhaust gases, and burned gas rate (BGR) refers to the intake (or in-cylinder) variable, ranging from 0 to 1, that represents the rate of burned gases mass. 2 The start of combustion is defined in theory as the beginning of combustion which is very difficult to evaluate from measurement. For experimental measurement, the CA 01 is preferred here. The acquisition was not made with an industrial sensor but lab sensors which leads to very accurate measurement. & Babajimopoulos, 2007; Chiang et al., 2007; Haraldsson, Tunestål, Johansson, & Hyvonen, 2004 Olsson, Tunestål, & Johansson, 2001 ). To address this issue, the approaches previously used include a variable compression ratio (Haraldsson et al., 2003) , dual fuel (Olsson et al., 2001) , management of the intake manifold temperature (Haraldsson et al., 2004) , and a variable valve train (Agrell et al., 2003; Chang et al., 2007; Chiang et al., 2007) with high-frequency in-cylinder sensors. These solutions are costly (sensor and additional actuator). To control the combustion phasings, a solution requiring only devices available in all commercial engines, i.e. requiring no cylinder pressure sensors, is proposed in this study.
Consider a fuelpath subsystem with dynamic behavior that is inconsistent (too fast) with that of the airpath subsystem (too slow). This subsystem is controlled by the fuel injection system. The injected mass is used to produce a reference torque, and it cannot be changed without negatively affecting the performance. Therefore, only one degree of freedom for the fuelpath is a possible additional control variable. This is the injection time (start of injection) shown in the combustion timeline in Fig. 1 . It can be used to inhibit combustion disturbances generated by the airpath subsystem, which can be represented as a varying intake manifold BGR, a varying intake manifold pressure and a varying intake manifold temperature.
Figs. 2 and 3 show the evolution of combustion phasings for various intake manifold pressures and different intake manifold BGR, respectively. It appears that the key variables of the combustion process are impacted differently:
1. The start of combustion is slightly delayed. The auto-ignition delay is thus impacted by thermodynamic conditions (see the evolution of the blue curves in Figs These observations lead to the conclusion that the cool flame and auto-ignition are the phenomena that are most sensitive to airpath-driven thermodynamic conditions, and that controlling the end of the cool flame ðecf Þ is sufficient to provide effective control of CA 50 .
Finally, cascade of ecf control onto the injection time y soi variable is proposed in this study. This implies that, instead of constant values corresponding to references, y soi has non-constant values during transients. Two particular phenomena have to be accounted for in the control law: auto-ignition and the cool flame. In the following, details about these phenomena models are discussed.
Modeling the auto-ignition and the cool flame
The two models used for the auto-ignition and cool-flame phenomena are now discussed.
Auto-ignition modeling
The auto-ignition duration for a fuel/air/burned gas mixture is usually modeled with a knock integral model (KIM) (Heywood, 1988; Livengood & Wu, 1955; Swan, Shahbakhti, & Koch, 2006) . This model yields an implicit relation between y soi , y soc and physical in-cylinder parameters such as PðyÞ, TðyÞ and X (the air/ fuel ratio f can be also considered), usually found in integral form pðyÞ ¼ ðPðyÞ,TðyÞ,X,fÞ,
where x, C 1 , C 2 , b and n are constant parameters. Lafossas, Marbaix, and Menegazzi (2007) extended the KIM to high BGR. The proposed model is thus suitable for highly diluted combustion such as HCCI:
pðyÞ ¼ ðPðyÞ,TðyÞ,XÞ T ,
where A 1 , C 1 , n 1 , and T 1 are constant positive parameters (see Appendix B for their calibration). The last model is used throughout the paper and experiments, but it should be remembered that the proposed control strategy can also be used with models (1) and (2) or any other (smooth) function A ai using exactly the same approach.
Cool flame modeling
In a cool flame, combustion occurs at a very low reaction rate. Several chemical processes occur simultaneously and eventually lead to real combustion. No simple modeling of this phenomena is present in the literature. As the energy production is very low, the cool-flame duration can be represented with a KIM. Thus, as can be seen in see Appendix B, a KIM model is good enough for control purpose. Yet, its calibration is different to the autoinflammation model as the phenomena is different. The main in-cylinder parameters affecting the cool-flame phenomenon are the pressure, temperature, composition (BGR), and the available fuel mass (which is the injected fuel mass, since no injection is performed during the cool flame). The proposed model is
where pðyÞ ¼ ðPðyÞ,TðyÞ,XÞ T , and A cf is an Arrhenius function
where A 2 , C 2 , n 2 , x 2 , and T 2 are positive parameters (see Appendix B for their calibration).
Relating knock integrals to available measurements
The proposed models (3) and (4) are expressed in terms of incylinder thermodynamic variables (PðyÞ, TðyÞ, and X) that are not directly measured on commercial engines. Therefore, it is necessary to rewrite them in terms of other parameters.
During the compression and auto-ignition phases, no combustion occurs. The transformation can then be assumed to be isentropic (Rausen, Stefanopoulou, Kang, Eng, & Kuo, 2004) . This thermodynamic assumption is supported by the fact that, during compression, the gas temperature is much lower than it is during combustion. In short, during the compression phase, wall heating losses are neglected.
Furthermore, during the cool flame, the rate of heat released (ROHR) is low and therefore the compression can also be assumed to be isentropic. This assumption drastically simplifies the modeling, since there is no need for a cool-flame ROHR model. At the light of the results presented in Section 5, this is a reasonably valid assumption.
Thus, during auto-ignition and the cool flame, PV g and TV gÀ1
are both constant. In these relations, V represents the cylinder volume, which is perfectly known as a function of the crankshaft angle y. Values for intake valve closure ivc are considered as initial conditions for the isentropic transformation. These considerations yield
Finally, in models (3) and (4), X is constant and is equal to the X ivc value. Substituting Eq. (5) into (3) and (4) 
The values ðP ivc ,T ivc ,X ivc Þ can be directly related to the intake manifold conditions ðP int ,T int ,X int Þ following classical assumptions such as pressure and composition equilibrium between the intake manifold and the cylinder at ivc (Hillion, Chauvin, Grondin, & Petit, 2008) . Finally, the intake manifold conditions ðP int ,T int ,X int Þ can be inferred either from measurements (using temperature and pressure sensors in the intake manifold) or from an observer (Chauvin et al., 2007 describe a X int observer). The ivc parameters ðP ivc ,T ivc ,X ivc Þ are then assumed to be known functions of the intake manifold conditions.
Control strategy
Problem formulation
At steady-state, all the p ivc 9ðP ivc ,T ivc ,XÞ parameters are stabilized by the airpath controller to their reference values (p ivc ).
Furthermore, the injection timing y soi is directly set to its reference value (y soi ) by the fuelpath controller. Reference combustion then takes place. The corresponding reference combustion phasings y soc and y ecf satisfy:
However, during transients, dp9p ivc Àp ivc a0. If fuel is injected at reference time y soi , then ecf differs from the value observed for reference combustion. To overcome this, the fuelpath parameters can be used. Control of the injected fuel mass m inj is already dedicated to regulation of the torque output. Thus, the only degree of freedom available is the injection time. To compensate any known error dp, a corrective offset dy soi is added to the injection time reference y soi so that the actual y ecf can be equal to y ecf . This is formulated in the following problem.
Problem 1. Given y soi , p ivc , y soc , and y ecf satisfying (8) and (9), consider dpAR 3 . Find dy soi such that
First-order solution
It might be difficult to find an explicit solution to Problem 1 when considering general Arrhenius functions of the form (3). A simpler approach is to look for a first-order solution. Linearizing (10) around references values y soi , p ivc , and y soc yields: Eliminating dy soc in (12) and (13) yields the desired correction:
which is a solution (of first order, i.e. for ''small'' values of dp 3 ) of Problem 1.
Implementation
In practice, the correction determined in the previous section .
Controller design
The general control scheme of a Diesel engine is presented in Fig. 5 . It includes the strategy proposed to control the ecf . This new strategy is in the ''correction calculation'', which implements Eq. (14). In this set-up, the injection crankshaft angle y soi is not simply set to its reference value y soi , but is corrected according to the airpath errors dp. In this manner, the fuelpath is coordinated with the airpath dynamics.
It is very important to note that
No sensors or actuators have been added to the control scheme. The proposed controller uses only sensors and actuators that are commonly available.
The controller does not affect the airpath controller. The proposed controller only counterbalances airpath regulation errors by a cascade onto the fuelpath controller.
Real-time computation
The controller (14) contains several ''a'' parameters. Their practical derivations are now detailed. Computation of such integrals takes time that is incompatible with real-time requirements. Thus, besides analytical simplification of the integrals due to the particular form of the KIM model (Hillion, Chauvin, Grondin et al., 2008) , two alternative methods can be considered to reduce the computation time. (15) can be mapped as a function of the engine speed and the driver's torque demand. Finally, the correction is simply written as dy soi ¼ LðN e ,T q Þ Á dp:
The map L (actually one map for each airpath parameter to be compensated) is computed offline and has to be modified every time an airpath or fuelpath parameter setpoint is changed. Although requiring substantial offline computation effort, computation of the correction is then straightforward.
The first solution is best suited for development phases of engine control, whereas the second can be directly implemented in commercial engine control units when calibration maps of the airpath and fuelpath setpoints are known.
To obtain the results presented below, the first method was used (using fourth-order polynomials) owing to the frequent updates of the fuelpath and airpath look-up tables for this prototype engine. The controller was integrated in the complete IFP energie nouvelles engine control system developed with 5 . Design of the proposed control strategy. The dark gray block has been added to counterbalance airpath errors dp with an injection crankshaft angle offset. It coordinates the fuelpath and airpath controllers.
3 From a mathematical point of view it is stated that the proposed solution is the best for ''small'' errors dp by definition of the first-order approximation. One
cannot define explicitly what is the domain of definition of ''small''. However, one can see on experimental results that the ''small'' values are good enough for control purpose.
Experimental results on a test bench: control of the combustion
Experimental set-up
All experimental results presented here were obtained for a four-cylinder direct injection Diesel engine running in HCCI combustion mode (Fig. 6) . The specifications are listed in Table 1 . The engine is an upgrade of a turbocharged multicylinder commercial engine. A low-pressure EGR circuit is used that extracts hot burned gases downstream of the turbine and introduces them upstream of the compressor. A valve allows the EGR rate to be controlled. Finally, both the air and the EGR circuits include a cooler to keep the intake manifold temperature at approximately 330 K.
The proposed experimental results reflect only the adaptation of the fuelpath to pressure and BGR regulation errors. However, the intake manifold temperature also affects the combustion process. Variation of ambient temperature, EGR cooling efficiency or the simultaneous use of high-pressure and low-pressure EGR strongly influence the temperature. Unfortunately, it is very difficult to get a relevant and fast measure of the intake manifold. The sensor is very slow, and does not represent well the temperature of the gas aspirated in the cylinder. Therefore, no correction with respect to temperature error was presented. However, as presented, the approach can be extended to accommodate the intake temperature variations because the intake manifold temperature can be included in the p ivc parameters.
The intake pressure is directly measure through a sensor. On the contrary, BGR cannot be easily measured. However, a BGR observer was developed in Chauvin, Corde, Vigild, Petit, and Rouchon (2006) and Chauvin, Corde, Petit, and Rouchon (2008) which show good results both in steady-state and in transient.
Experimental results
Figs. 7-9 show the experimental results obtained on the test bench for three torque variations at constant engine speed. For comparison, the plots show the same trajectory with (blue lines) and without (red lines) the proposed correction. For all three scenarios, the torque trajectory is shown in part (a). As mentioned in Section 1.1, the airpath control regulates the intake manifold pressure and BGR around their reference values to meet the torque demand (parts (b) and (c)). Non-instantaneous tracking of the airpath reference values induces the new fuelpath controller to correct the reference value for the injection crankshaft angle (part (d)). The injection crankshaft angle sent to the injectors is then different from its reference value. The influence of the proposed combustion control on engine noise is shown in part (e) of the figures and the evolution of the middle of the combustion process in part (f). Fig. 7 shows an increasing torque trajectory at a constant engine speed of 1500 rpm. During these transients, without any particular combustion control, combustion is drastically delayed (see the second and third transients in Fig. 7(f) ). In response, the proposed controller modifies the start of injection to bring the combustion forward. In fact, the correction seems to filter the start of injection reference to compensate for the airpath dynamics. The result is clear in Fig. 7(f) . Without the proposed strategy, the middle of combustion is delayed due to the excess of BGR that leads to a delayed start of combustion. With the proposed strategy, the middle of the combustion process closely follows the corresponding reference steps and the large overshoots have disappeared. Improvements in engine noise are also evident in Fig. 7 (e), with noise transients smoothed out. This results in significant improvements in acoustic comfort. Fig. 8 shows a decreasing torque trajectory at a constant engine speed of 1500 rpm. During these transients, without any particular combustion control, combustion is brought forward (see transients in Fig. 8(f) ) due to a lack of BGR and of pressure. In response, the proposed controller delays the injection to delay the (Walter & Gatellier, 2003) Intake valve closure
Increasing torque trajectory (tip-ins)
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(3601 is top dead center) whole combustion process. Undershoots of the middle of the combustion ðCA 50 Þ have disappeared (Fig. 8(f) ). Noise overshoots during transients, which are very unpleasant for car passengers, have also been reduced (gain of almost 2 dB).
Results for various engine speeds
Similar results were obtained at different speeds. Fig. 9 shows the torque demand trajectory at a constant engine speed of 2000 rpm. Again, improvements due to the proposed controller are evident in the middle of the combustion variations during transients.
Conclusions from the test bench results
The results presented clearly prove that the strategy proposed in Section 3.2, and implementation described in Section 5 provides a solution to the control Problem 1. In spite of airpath regulation errors, such as slow transient dynamics or hardware malfunctions, the combustion midpoint occurs at the reference timing. Interestingly, the proposed linear combustion control has another property at steady-state. Since the airpath controller regulates the airpath values, the airpath error vanishes at steady-state, just as the start of injection correction. Combustion thus exactly corresponds to the reference combustion at steadystate (defined by the optimal trade-off).
The timings for auto-ignition and the cool flame are the most sensitive to airpath regulation errors. As observed from the test bench results, controlling the end of the cool flame provides good control of the whole combustion process.
Vehicular results: pollutant emissions and noise
Experimental set-up
The experimental results in Section 1 demonstrate that control of the combustion phasing is key to management of low-temperature combustion. Sections 2 and 3 describe a technical solution without any hardware upgrade that uses injection timing to control the end of the cool-flame phenomenon. Experimental results presented in Section 5 show that this combustion timing is a relevant approach for control of the whole combustion process since it provides accurate CA 50 control. Finally, the last step of this study provides an insight into the impact of the proposed strategy on pollutant emissions and engine noise.
To obtain estimates of the emissions and noise produced under real representative driving conditions, experiments were conducted on board a vehicle equipped with high-frequency sensors to capture data during sharp transients. To highlight the benefits of the proposed strategy, a challenging part of the new European driving cycle (NEDC) was chosen. This consists of one urban driving cycle (ECE) followed by an extra-urban driving cycle (EUDC). The vehicle used was a demonstration car developed at IFP (Magand et al., 2008) that is equipped with a HCCI engine that differs from the engine described in Section 5.1 in only two respects:
The EGR is a high-pressure circuit. Interestingly, this technological change is treated in a straightforward manner in the control scheme (which is independent of the nature of the EGR source; Section 4.1). No particular tuning is required.
To reduce engine noise, pilot injection is added to some operating points. This consists of at most 4% of the total mass injected and is injected at a crankshaft angle of approximately 201 before the main injection.
This pilot injection was not taken into account in the modeling in Section 2. However, for simplicity, the following assumptions are made to allow:
Since the mass of the pilot injection is almost negligible compared to that of the main injection, the correction developed in Section 3.2 has been applied to the main injection Since the pilot injection occurs at a specific crankshaft angle before the main injection, the pilot injection is delayed or advanced by the same amount as the main injection.
In summary, for operating points equipped with pilot injection, the correction shifts the whole injection pattern, whereas for operating points without pilot injection the correction is classically applied to the main injection timing only.
Results are presented in Figs. 10-12. Fig. 10 gives an overview of the vehicle speed and gear shift during the driving cycle. Fig. 12 provides more detailed views of the previous results during a representative tip-in.
6.2. Vehicle results for the whole cycle Fig. 11(a) and (b) shows nitrogen oxide ðNO x Þ and unburned hydrocarbon (HC) emissions obtained during this cycle. Overall, NO x peaks are drastically reduced (by a factor of two). The HC peaks are also reduced, albeit to a lesser extent. It is evident that HC transients are hardly visible in both cases, except at t¼375 s, which is addressed in the next section.
Vehicle results during a tip-in
The results for a tip-in are shown in Fig. 12 . On two occasions the torque produced is problematic. At t ¼375 s a misfire occurs.
Later, a smaller decrease can be observed at t ¼377 s. These are evident in Fig. 12(b) and correspond to the combustion phasing shifts depicted in Fig. 12(f) . In both cases, the combustion is so delayed that the torque produced drastically decreases and huge noise variations occur (Fig. 12(d) ), thus negatively affecting driveability and acoustic comfort. The first misfire is also responsible for the speed variation at the beginning of the tip-in in Fig. 12(a) , and, most importantly, for the overwhelming HC production detected at t ¼380 s in Fig. 12 (c) (after a lag due to flow through the exhaust line and the analysis process). Using soi correction computed by the proposed method, as observed in Fig. 12 (e), all these issues are resolved: transients in the combustion phasing are controlled, the misfires disappear, HC production is substantially reduced, and the noise level remains close to its steady-state value.
Conclusion
An improvement for fuelpath control of a highly diluted Diesel engine has been presented. Instead of directly setting the injection crankshaft angle to its reference value, the proposed controller synchronizes the fuelpath to the airpath. In particular, this makes the combustion robust to airpath regulation errors (during transients or malfunctions). This controller is mainly based on the linearization of an auto-ignition delay model (KIM) and a coolflame model. Provided an estimate of in-cylinder conditions at ivc HC [ppm] with correction without correction with correction without correction is known (in this study, the conditions are inferred from the intake manifold signals), this method is very general.
It is independent of the airpath structure. It can be applied to engines with external or internal gas recirculation, and to naturally aspirated engines, throttled engines and/or those with turbochargers.
The method does not need any hardware upgrade. In particular, no additional in-cylinder sensor is needed.
The proposed control strategy reduces the impact of pollutant emissions in transient and leads pollutant emissions closer to the values observed at steady-state.
The experimental results highlight the relevance of this new approach. Auto-ignition and the cool flame are critical phenomena for the whole combustion process. Controlling the end of the cool flame leads to an improvement in combustion stability. During transients, the combustion phasing is closely controlled, which in turn improves the torque response and smoothes out noise transients. It is thus reasonable to expect better driveability and acoustic comfort. Finally, the vehicular results demonstrate that combustion phasing control is beneficial in terms of pollutant emissions. It reduces NO x peaks during transients by a factor of almost two and prevents HC peaks by stabilizing the combustion phasings.
The results obtained for a Diesel engine with a monopulse injection strategy (and rapidly extended to a pilot-main injection strategy) are very encouraging. Ongoing research is now focusing on generalizing the model-based generation of the correction to more general multi-pulse Diesel engines. 
